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FIELD OF THE INVENTION
This invention relates to modifications in the cDNA of full length cystic fibrosis transmembrane conductance regulator protein (CFTR) which facilitates propagation and/or expres Sion in heterologous Systems.
BACKGROUND OF THE INVENTION
Cystic fibrosis (CF) is the most common, life-threatening, autosomal recessive disease in the Caucasian population. Approximately 1 in 2,500 live births is affected by this genetic disorder. Obstructive lung disease, pancreatic enzyme insufficiency and elevated Sweat electrolytes are the hallmarks for CF but the severity of these symptoms vary from patient to patient. Patients with CF usually die at an early age due to lung infection. With recent advances in clinical treatments, which are directed against the Symptoms, the mean Survival age for patients has increased to 26 years.
Despite intensive research efforts for the past fifty years, the basic defect in CF remains to be speculative. It is generally believed that the heavy mucus found in the res piratory tracts and the blockage of exocrine secretion from the pancreas are due to imbalance in water Secretion which is the consequence of a defect in the regulation of ion transport in the epithelial cells.
The precise localization of the CF locus on the long arm of chromosome 7, region q31, facilitated the recent isolation of the responsible gene. The CF gene spans 250 kilobase pairs (kb) of DNA and encode a mRNA of about 6,500 nucleotides in length. The CFTR-gene is disclosed and claimed in U.S. application Ser. No. 401,609 filed Aug. 31, 1989 . That application is co-owned by the applicant of this application.
Expression of this gene could be observed in a variety of tissues that are affected in CF patients, for example, lung, pancreas, liver, Sweat gland and nasal epithelia. An open reading frame Spanning 1480 amino acids could be deduced from the overlapping cDNA clones isolated. The putative protein as noted is called "Cystic Fibrosis Transmembrane Conductance Regulator" or CFTR for short, to reflect its possible role in the cells. The predicted molecular mass of CFTR is about 170,000.
Based on Sequence alignment with other proteins of known functions, CFTR is thought to be a membrane Spanning protein which can function as a cyclic AMP regulated chloride channel. The internal Sequence identity between the first and second half of CFTR resembles the other prokaryotic and eukaryotic transport proteins, most notably, the mammalian P-glycoprotein.
The most frequent mutant allele of the CF gene involves a three base pair (bp) deletion which results in the deletion of a single amino acid residue (phenylalanine) at position The mutation screening study confirms that the ATP binding domains detected by Sequence alignment is impor tant for CFTR function as multiple, different mutations have been found for many of the highly conserved amino acid residues in these regions. The locations of the various mutations also identified other functionally important regions in CFTR. There is, for example, a section three bp deletion resulting in the omission of an isoleucine residue at position 506 or 507 of the putative protein. While amino acid Substitutions at these positions are apparently not disease causing, this observation argues that the length of the peptide is more critical than the actual amino acid residue in the 506-508 region. Further, the existence of a large number of nonsense, frameshift as well as mRNA splicing mutations in the CF gene implies that absence of CFTR is not incom patible with life.
The varied Symptoms among different CF patients Suggest that disease Severity is at least in part related to the mutations in the CF gene. Such association, which is expected to be concordant among patients within the same family, as they should have the same genotype at the CF locus, is observed for pancreatic function. Approximately 85% of CF patients are Severely deficient in pancreatic enzyme Secretion, thus diagnosed as pancreatic insufficient (PI), and the other 15% have sufficient enzyme, thus pancreatic sufficient (PS). Fam ily Studies showed that there was almost complete concor dance of the pancreatic Status among patients within the Same family, leading to the Suggestion that PI and PS are predisposed by the patients genotypes. Subsequent Studies showed that patients homozygous for the AF508 mutation were almost exclusively PI. This information may be useful in disease prognosis.
There are other mutations that would be classified in the Same group as AF508, the So-called Severe mutant alleles with respect to pancreatic function. In contrast, patients with one or two copies of other class (i.e. mild) of alleles are expected to be PS. Meconium ileus which is observed in about 30% of CF patients appears to be a clinical variation of PI and not directly determined by the CF genotype. Other clinical manifestations are more complicated and no appar ent association has yet been detected.
With the identification of the CF gene, a better under Standing of the basic defect and pathophysiology of the disease can now be attained. ProgreSS and advance are being made in Studies of the regulatory mechanisms governing the expression of this gene, and of the biosynthesis and Subcel lular localization of the protein (through generation of antibodies against various parts of the protein). In addition, it is important to develop effective assay Systems for the function of CFTR. This information may be useful in development of rational therapies, including gene therapy.
In order to obtain a DNA sequence containing the entire coding region of CFTR, it is necessary to construct a full-length cDNA from overlapping clones previously iso lated. A major difficulty has been encountered in the process, however. As the various proportions of the full-length cDNA are being linked together by Standard procedures, i.e., restriction enzyme cutting and ligation, with plasmid vector in Escherichia coli, frequent Sequence rearrangement has been detected in the resulting construct.
For purposes of better understanding of the regulatory functions of the CFTR protein and also for purposes of gene 6,063,913 3 and drug therapy, it is useful to be able, in a commercial way, to propagate and express the normal CFTR gene and various mutant CFTR genes in a variety of hosts which include bacteria, yeast, molds, plant and animal cells and the like.
Although propagation and expression of the cDNA Sequence for the CFTR gene can be achieved in Some vehicles, there are, however, the aforementioned difficulties in obtaining Stable propagation of the cDNA in Some types of bacteria, particularly E. coli. It is thought that the cDNA contains Sequence portions which, when propagated in the bacteria, result in a toxic effect which is countered by lack of propagation of the cDNA in the microorganism.
SUMMARY OF THE INVENTION
We have discovered that a modification of a cDNA repeat sequence in exon 6 of the CFTR gene without modifying the amino acids encoded by the changed codons facilitates propagation and/or expression of the CFTR protein in living cells and in particular bacterial cells.
According to an aspect of the present invention, a modi fied DNA sequence derived from a gene coding for cystic fibrosis transmembrane conductance regulator (CFTR) protein, the gene having at least 27 exons of which normal cDNA codes for CFTR protein, the normal cDNA including exons 6a and 6b wherein exon 6b includes a 13 bp repeat, the modified DNA sequence comprises at least one of the 13 bp repeats of exon 6b having one or more normal nucleotides of the 13 bp repeat Substituted with an alternate nucleotide which continues to code for a corresponding normal amino acid.
According to another aspect of the present invention, a DNA construct for use in a recombinant vector comprises the modified cDNA.
According to a another aspect of the present invention, a vector which comprises the DNA construct and a promoter sequence for the DNA construct.
According to futher aspect of the present invention, a host cell for producing CFTR protein, the host cell comprises the above vector whereby expression of the vector in the host cell produces CFTR protein.
According to another aspect of the present invention, a CFTR protein isolated and purified from culture of the host cell.
According to a further aspect of the present invention, a mammalian cell transfected with the above vector to enhance Cl conductance through a cell wall. oriented oligonucleotides, Cof1 (44-mer) and Cof2 (40 mer), were used in the generation of the exon 1 Sequence. A double stranded molecule was synthesized from these two oligonucleotides with the Klenow fragment of DNA poly merase. An Nicol Site was introduced at the initiation codon to facilitate Subsequent cloning. The PCR-generated frag ment was digested with NcoI and PvulI and ligated to the remaining portions of the CFTR cl)NA, including the PvuII to Xbal fragment of cDNA clone 10-1, the PCR-modified middle fragment and the 3' fragment. The procedures used to generate the two latter Segments are described with reference to FIGS. 6 and 7. The position of the human metallothionein IIA promoter, the bacterial amplicillin resistance gene, the pBR origin of replication and the SV40 origin of replication are marked.
FIG. 6 is 3' end construction. The 3' coding region of the expression vector (pCOF-1) and pBQ6.2 was constructed in two Sequential cloning StepS. First, the 3' most portion, including the end of the coding Sequence and the 3' untrans lated region, was prepared by ligating a fragment from T16-4.5 (generated by Bco partial digestion) to a fragment from the genomic clone TE27 FIG. 8 is propagation vectors pBQ4.7 and p306.2. The construction of these plasmids is provided in description of the invention. Key restriction sites are marked. The sizes of the transcripts generated by the T7 RNA polymerase (from the PstI site to each of the marked restriction sites) are also indicated (in kilobases). contain RNA prepared from independent clones generated from pSTK7 transfection, the 7th through 12th lanes from co-transfection with pSTK7 and pCOF-1; and the 13th through 17th lanes from co-transfection with pSTK7 and pCONZ, as indicated. The 28 S and 18S rRNA bands are indicated by the arrows at the right. The position anticipated for the full-length transcript (6.2 kb) is also marked. The 20, 1993 . It is believed that the cDNA of CFTR is made up of at least 27 exons as identified in applicant's pending Canadian patent application filed July 9, 1990.
The exact cause of the Sequence instability is unknown, but the region frequently involved in this rearrangement is a 13 bp direct repeat in exon 6a of the CFTR gene as shown in FIG. 3. This region also shows sequence identity with consensus regulatory Sequences in E. coli as noted in FIG. 3. It is possible that transcription initiates from this Sequence, resulting in a product which is toxic to the bacterial host. It is also possible that the DNA sequence itself elicits an inhibitory response. In consequence, the transformation frequency and growth of the desired plasmid construct become extremely poor. The rearrangement of this Sequence detected in the recovered plasmids may have alleviated its toxicity in bacteria. Thus, the inability to obtain a full-length CFTR cl)NA in the original cloning experiment ) may also be explained.
Since most of the Spontaneous Sequence rearrangements detected disrupt the open reading frame of the full-length 6,063,913 7 cDNA, none of the resulting clones are expected to be useful in functional complementation Studies. Although it is poS Sible to use alternative host/vector Systems to overcome this problem, the convenience of the E. coli/pBR322-based cloning System required a better System.
The region of interest with respect to enhancing propa gation of the cDNA in microorganisms and in particular in E. coli is in exon 6. A 13 base pair repeat has been found in exon 6. With reference to FIG. 1, the region of exon 6 is identified. More specifically, within exon 6 the repeat sequences occur at positions 923 through 935 and at 981 through 993. These repeat Sequences are Separated by approximately 44 base pairs.
It has been discovered that by modifying one or more of the base pairs in region 924 through 936 or 982 through994 without changing the amino acid encoded by the respective codon results quite Surprisingly in the propagation of the cDNA in a Suitable microorganism, Such as E. coli. The modified cDNA, in one of the repeat base pairs Sections, does not produce a toxic effect in the microorganism So that a stable propagation of the cDNA can proceed. The benefit in the stable propagation of cDNA is not only from the Standpoint of expression of the gene to produce the protein, but also for producing multiple copies of the cDNA for the CFTR gene to enable other uses of the gene, Such as in drug and gene therapy for correcting the effects of CF.
Construction of Full Length cDNA Two types of full length cDNA clones have been con structed to evaluate the modified cDNA. One of them is for efficient propagation in E. coli and the other one for expres Sion in mammalian cells.
Since the entire coding region of CFTR is present in multiple overlapping clones, it is necessary to construct the full-length cDNA in three separate steps. As shown in FIG. 4, there is the construction of the 5' end of the cDNA (from the beginning of the coding region to the Xbal Site in exon 5), ; generation of the middle segment (from the XBal site to the SphI site in exon 10) including the critical region by the polymerase chain reaction (PCR: Saiki et al., 1985) ; and construction of the 3' end of the cDNA from different existing clones (from SphI site to exon 24). The starting clones of this work have been described previously ).
To construct the 5' end of the cDNA in the mammalian expression vector, oligonucleotides were used to Synthesize the open reading frame between the initiation codon and the end of exon 1 (the PvulI site). This fragment was inserted between the promotor of vector pSG3X and exon 2 of cDNA clone 10-1 (see FIG. 5). A single nucleotide modification (C to G) was introduced at the position immediately after the initiation codon to facilitate Subsequent manipulation. The alteration also introduced an amino acid change from Glutamine to Glutamate.
To construct the 3' end of the cDNA, DNA fragments were obtained from three existing clones (FIG. 6) : SphI to BstXI (exons 10-20) from C-1/5 , BstXI to NcoI (exons 20-24) from T16-4.5 , and NcoI to EcoRI (exon 24 to about 100 bp downstream from the polyadenylation signal) from TE27 . The genomic DNA fragment included at the end of this construct to ensure proper transcription termination and mRNA processing. This 3' end construct was used for both the expression and propagation VectOrS.
The cDNA clone T16-1 was used for both vector Systems. To introduce a Sequence modification in one of the 13 bp repeat region of eXOn 6, the in vitro mutagenesis procedure based oligonucleotide directed PCR ) was used.
Briefly, two overlapping Segments, Spanning exons 3 to 6 (536 bp) and exon 6 to 17 (867 bp), were generated from T16-1 by PCR with two sets of oligonucleosides ( see FIG.  7) . The two overlapping segments were joined by the PCR procedure with the Outermost, flanking oligonucleotide primers. The product, 1.38 kb in size, was then digested with Xbal and Sph to generate the modified middle segment.
The pBluescript(R) vector from Stratagene was used as the basis propagation vector. The 5' end of the full-length cDNA in this vector was derived from cDNA clone 10-1 (between the PstI and Xbal sites). The resulting clones were named pBQ4.7 and pBQ6.2 (FIG. 8) .
The plasmid pSGM3X was used as the basic mammalian expression vector. It is similar to p SGM1 previously reported by , except that the human metallothionein promoter was inserted in an opposite ori entation and that a XhoI site was inserted in the KpnI site within the Ecogpt gene. The resulting expression vector was named pCOF-1 (FIG. 5) . Since the open reading frame predicts a protein of 170, 999 kilodaltons (kd), it would be difficult to produce a product of this size in vitro. It was therefore necessary to use differently prepared templates to examine various Segments of the open reading frame. To prepare these templates, the propagation vector pBQ6.2) was digested with FspI, EcoRI, HpaI and XhoI, accordingly. in vitro translation was performed with a rabbit reticulo cyte lysate kit from Promega Corporation and "C-labelled leucine from Amersham.
Transfection Studies in Mouse LTK Cells
The calcium phosphate co-precipitation procedure for introduction of plasmid DNA into mouse LTK-cells has been described previously . The plasmid pSTK7 was used for cotransfection with the expression vector pCOF-1. As a control vector, a plasmid construct similar to pCOF-1, except for the deletion of a single base pair in exon 1 was used; this deletion was expected to result in premature termination of translation.
The mouse LTK-cells were passaged in C-MEM medium Supplemented with glutamine, 10% fetal bovine Serum and antibiotics. Biochemical selection for TK positive cells was achieved in medium containing hypoxanthine, aminopterin and thymidine (HAT medium). 6,063,913 9 DNA and RNA Analyses Plasmid and DNA samples were prepared from the bac terial cells and genomic DNA from transfected mouse L cells. Total RNA was extracted from mammalian cells for examination of gene expression. Standard procedures, essentially as described by Sambrook et al (1989) , for DNA and RNA analyses were used.
Protein Analysis
Animal cells were harvested in TEN buffer (40 mM Tris-HCl, pH 7.5, 1 mM EDTA, 150 mM), after the cells were washed in phosphate-buffered saline. Cells were col lected by scraping, resuspended in 2560 mM Tris-HCl (pH 8), and stored in -80° C. ready for total protein extraction.
For SDS-polyacrylamide gel electrophoresis, the frozen cells were resuspended in the loading buffer and boiled for 5 min prior to electrophoresis according to the procedure of .
Transfer of protein from polyacrylamide gel to nitrocel lulose was performed overnight at 0.4 mA according to the procedure of Towbinet al (1979) . The membrane was baked at 80° C. for 90 min. Detection of CFTR was accomplished with the use of a monoclonal antibody (gift of N. Kartner and J. Riordan) prepared against a portion of the predicted protein (amino acid residues 347-698) and the ProtoBlot(R) AP System according to procedures recommended by the supplier (Promega Corporation) with 1% BAS as a blocking agent.
Vector Construction
Three plasmid constructs were made in this study pBQ4.7; pBQ6.2 and pCOF-1 as described in the previous section. pBQ4.7 is a full-length cDNA clone contained in the BlueScript(R) vector; it contains the entire coding region except the 3' untranslated region. p306.2 contains the same Sequence as in p3O4.7 plus the 3' untranslated region. Both of these plasmids contain modification in the first 13 bp direct repeat in exon 6b (FIG. 3) . The full-length cDNA construct in pCOF-1 is inserted downstream from the human metallothionein IIA promoter in the vector pSGM3X and the coding region is flanked by CFTR genomic DNA sequence at the 3' end. In addition to the modification introduced into the exon 6b region of the cDNA, as in the two previous constructs, pCOF-1 has another modification (C to G) in the first nucleotide after the presumptive initiation (ATG) codon in exon 1.
AS the first
Step in examining their integrity, restriction enzyme digestions were used to derive a map for each of these full-length cDNA constructs. The results showed that all of them produced a set of DNA fragments as expected.
It is, however, of interest to note that there was one DNA fragment in each of the digestions which appeared to have a different mobility when compared to the pattern of the corresponding parental cDNA clones displayed on polyacry lamide gel. The mapping data located the fragments with the altered mobility to those containing the 13 bp direct repeats.
To ensure the DNA sequence was intact as designed, the middle Segment containing the modified Segment was exam ined by DNA sequencing. The result showed that 3 bp were altered in the region. While two of the modifications (T to C at position 930 and A to G at 933) were inserted as expected, an additional change (T to C at position 936) was found (FIG. 9) . This unanticipated alteration was found in all five clones examined, Suggesting that it was introduced by an error in the Synthesis of the oligonucleotide primer. prokaryotic consensus Sequence (Hawley and McClure 1983) and did not alter the encoded amino acid (FIG. 3) .
Two other undesired nucleotide changes were detected in the middle cDNA segment. Since these latter substitutions, probably introduced during PCR, would change the encoded amino acids, it was necessary to replace the region contain ing these changes with a Segment from the original plasmid.
The DNA sequence in all three resulting clones appeared to be stable after long term propagation in E. coli. Their entire coding region was Sequenced and no additional changes were detected. It was noted that the transformation efficiency of these constructs in bacteria increased Substan tially (100 times higher than the unmodified cDNA) and that the copy number of plasmids (as reflected by the yield in DNA preparation) also increased.
Protein Synthesis by in Vitro Translation
To ensure that the open reading in the full-length cDNA was uninterrupted, the in Vitro translation method was performed. Accordingly, the propagation vector was linear ized at an appropriate restriction site in the circular plasmid and used as the template for production of RNA suitable for translation in vitro. Since the entire CFTR protein would be probably too large to be translated in vitro, the experiment also included shorter transcripts produced from templates interrupted within the coding region.
An example of the result is shown in FIG. 10 . The template used for this experiment was pBO6.2 linearized at the HpaI site; the in vitro translation product was expected to be 86.2 kd. As shown in FIG. 10, a band migrating at the position of the expected molecular weight is clearly visible, indicating that translation initiates at the ATG codon as predicted and continues through the HpaI site in exon 13. The identity of this protein is also confirmed by its ability to react with a monoclonal antibody against CFTR. The other, Smaller proteins observed in the products are probably results of premature termination or intenal initiation of translation.
Similar experiments were performed with the plasmid treated with Xbal and EcoRI. Protein bands corresponding to the expected translation products 19 and 77.5 kid, respectively, were readily detectable on the polyacrylamide gel. These results, therefore, provided further confirmation that the predicted open reading frame was correct and intact in the full-length cDNA constructs.
Expression in Mouse L Cells To examine if CFTR could be produced in heterologous mammalian cells, the pCOF-1 plasmid was used to transfect mouse LTK-cells. Another plasmid containing the herpes Simplex virus TK gene was included in the transfection to allow biochemical Selection of cells that were Successfully transfected. A plasmid (pCONZ) which suffered a single base pair deletion immediately adjacent to the 3' initiation codon was used in a parallel transfection experiment as a negative control (as the frameshift would result in no CFTR products).
DNA Analysis
HAT-resistant L cell colonies were isolated and expanded into individual mass cultures and genomic DNA were iso lated from these cultures for characterization of integrated plasmid DNA. As expected, all of the HAT-resistant L cell lines was found to contain an intact HSV TK gene (as 6,063,913 11 demonstrated by gel-blot hybridization analysis). In addition, the copy number for the integrated plasmid DNA was found to vary among different lines, an anticipated from the calcium phosphate co-precipitation protocol. Gel-blot hybridization analysis was then performed for the cell cultures transfected with pCOF-1 and pCONZ. The full length cDNA clone (a 6.2 kb PstI fragment from pBQ6.2) was used as proof to examine the CFTR Sequence.
Among the 15 pCOF-1/pSTK7 co-transfected cell lines, 14 were found to contain at least a portion of the CFTR cDNA, as judged by the hybridization pattern of EcoRI digested DNA from these lines. Five of these lines shows a 1.5 kb and 2.5 kb band, as predicated for an intact cDNA. For the remaining lines, the Size of the EcoRI fragment was different from those predicted, indicating rearrangement or integration occurred through this region of the cDNA. Upon further analysis with BamHI and Nco digestion, however, only four of the five lines showed intact 5' and 3' ends of the cDNA ( see FIG. 11) . The apparently intact clones were 4a-2C, 4a-3, 4a-3K, and 4a-4S.
Similar DNA analysis was performed for cell lines co-transfected with pCONZ and pSTK7. Among the 10 clones examined, nine appeared to contain CFTR Sequence and eight of them showed the predicted 1.5 kb and 2.5 kb Ecor fragments (see FIG. 12 ). Further analysis with BamHI and NcoI on five of them revealed that four (6a-1D; 6a-2F; 6b-J and 6b-K) contained intact 5' and 3' ends.
RNA Analysis
Expression of CFTR in the transformed mouse cell lines was next examined by RNAblot hybridization analysis. Two of the pCOF-1 transfected lines (4a-3I and 4a-3K) were found to express high levels of RNA (see FIG. 12a ) but the remaining two lines 4a-1C and 4a-4O) were low. In addition to the 6.2 kb band expected for correctly initiated and terminated CFTR RNA in these lines; however, hybridizing Sequences were also detected at the 9-10kb range, Suggest ing improper initiation or termination. A Similar, high expression pattern was observed for three of the lines transfected with pCONZ (6a-1A; 6a-1D and 6b-J) (FIG.  12a) . For clone 6a-2F, only a low level of the 6.2 kb species was detected. No RNA could be found for clone 6b-K, despite the presence of an apparent intact CFTR Sequence.
The level of CFTR-derived RNA present varied among the cell lines mentioned above, with the Strongest signals seen in clones 4a-3I and 6b-J. The variation was not due to poor Sample preparation, as confirmed by hybridization analysis of the same blot with the TK probe (FIG. 12B) .
Protein Analysis
Protein was then extracted from Several representative cell lines and examined for the presence of CFTR-related products.
In the right panel of FIG. 13, a 170 12 generated by co-transfection with the pCONZ plasmid was shown to have an intact promoter and gene portion. In addition, high levels of RNA were detected. Identical results for these Samples were obtained even when the extracts were not Subjected to heating prior to gel loading.
3) 170 kdalton bands were not observed in the cell line 4a-2D generated by the transfection experiment with the pCOF-1 plasmid and the cell line 2a-4A generated by the transfection with the pTK7 plasmid only. Genomic DNA analysis of the cell line 4a-2D indicated that only portions of the CFTR gene had been incorporated. AS expected, no CFTR RNA could be detected. We describe the construction and use of a mammalian expression vector to produce human CFTR in a long-term mouse fibroblast culture. We show that expression of CFTR induces a cAMP-dependent CI conductance, which is nor mally not observed in these cells. This expression System is suitable for study of the CI conductance pathway and its regulation and to provide medical treatment for CF.
Plasmid Vectors
The mammalian expression vector pCOF-1 is a derivative of pSGM3X, which is similar to pSMG1 , except that the human metallothionein IIa promoter (Karin et al., 1982) was inserted in the opposite orientation and a Xho I site was inserted in the Kpn I site within the Ecogpt gene. To reconstruct the full-length CFTR cl)NA in pCOF-1 (FIG. 14) , the bulk of the coding region (exons 2-24) was obtained from partial cDNA clones (Riordan etal, 1989) , except that the three silent nucleotide substitutions (T->C at position 930, A->G at position 933, and T->C at position 936) were introduced into the exon 6b region with oligonucleotide-mediated mutagenesis by the polymerase chain reaction (19, 20) . The 3' untranslated region of CFTR in pCOF-1 was derived from the genomic DNA clone TE27E2.3 . The entire coding region 6,063,913 13 of exon 1 (from the initiation codon to the Pvu II site) was generated by two complementary Synthetic oligonucleotides and the Klenow fragment of DNA polymerase I, where a single nucleotide substitution (C->G) was introduced imme diately after the initiation codon (underlined in the legend to  FIG. 14) to create a Nco I site for ligation to the human metallothionein IIa promoter. The latter substitution changed the encoded amino acid glutamine to glutamic acid. The construction of control plasmid pCONZ was similar to that of pCOF-1, except that a Single nucleotide was deleted 35 base pairs downstream from the initiation codon. A truncated protein would be predicted from this frameshift construct. The plasmid pCOFAF508 was generated by replacing sequences of exons 9-13 in pCOF-1 with the corresponding fragment from Cl-1/5, a cDNA containing the AF508 mutation. The full-length cDNA clone pBQ6.2 con tained a 6.2 kb Pst I fragment in pBluescript (Stratagene) and was constructed similarly to pCOF-1 except that the exon 1 region was derived from clone 10-1. The integrity of the CFTR clDNA inserts in pBQ6.2, pCOF-1, and the critical regions in the other plasmid constructs were verified by DNA sequencing. The plasmid vector (pSTK7) containing the herpes simplex virus thymidine kinase gene, used in the cotransfection experiments, has been described (Meakin et al) . Bacterial cell cultures and plasmid DNA samples were prepared according to standard procedures .
Cell Culture and DNA Transfection
Each of the three test plasmids (20 ug), pCOF-1, pCONZ, and pCOFAF508, was cotransfected with pSTK7 (1 lug) into mouse LTK cells by calcium phosphate coprecipitation (Meakin et al) . Biochemical selection for thymidine kinase positive cell was achieved in minimal essential medium Supplemented with hypoxanthine/aminopterin/thymidine (HAT, gibco/bril). In Some experiments, the test plasmids were linearized at the unique Sfi I site (FIG. 14) . High molecular weight DNA was isolated from each clonal cell line (Miller et al., 1988) , digested with restriction enzymes EcoRI, BamHI, and Nco I, and analyzed by agarose-gel-blot hybridization with the full-length cDNA (insert from pBQ6.2) as probe. Total RNA was extracted (MacDonald et al., 1987) and analyzed by agarose gel-blot hybridization .
Protein Analysis Cells were homogenized in a hypotonic buffer containing 10 mM KCl, 1.5 mM MgCl, and 10 mM Tris.HCl (pH 7.4).
Nucleic and mitochodria were collected by centrifugation at 4000xg for 5 min (fraction A). A crude membrane fraction was then collected by centrifugation at 9000xg for 15 min (fraction B). Membrane pellets were dissolved in loading buffer and separated on a NaDodSO/polyacrylamide (6%) gel . Proteins were transferred to nitrocel lulose as described (Towbin et al., 1979) and immunode tected with monoclonal antibody M3A7 (Kartner et al., 1991) .
6-Methoxy-1-(3-sulfonatopropyl)guinolinium (SPQ)
Fluorescence ASSay L cells grown on glass coverslips for 1-2 days were uniformly loaded with the Cl-indicator dye SPQ by incu bation in hypotonic (1:2 dilution) medium containing 20 mM SPQ at room temperature for 4 min. The mounted coverslip was perfused continuously at room temperature with medium containing 138 mM NaCl, 2.4 mM KHPO, glucose, and 10 uM bumetanide (pH 7.4) on the stage of an inverted microScope. NOT medium was identical except that NO replaces all but 10 mM Cl. To minimize Cl fluxes through nonconductive pathways, we performed the experiments in the absence of HCO and in the presence of bumetanine, inhibiting the anion exchanger and Cl/cation cotransporters, respectively. Fluorescence and the differen tial interference contrast imagine were performed Simulta neously (25) (26) (27) . SPQ fluorescence intensities (F) were normalized to total SPO fluorescence F, determined as F measured in the absence of intracellular Cl, Since autof luorescence was negligible, Calibration (n=7 cells) were performed essentially as described (Foskett, 1990) . The effective quenching constant K, was 15 M'; the testing intracellular CI concentration was sT0 mM. Cell volume changes were obtained by planimetry of differential inter ference contrast images (26, 27) and are presented as relative changes in the areas of the measured optical Sections. By exposure of the cells to media of various OSmolarities, we observed that differential interference contrast imaging of a Single optical Section can detect Volume changes.
Whole-Cell Current Recordings Membrane currents were measured at room temperature 12-24 hr after plating cells with whole-cell patch-clamp techniques (Hamill et al., 1981) . The patch pipet contained 110 mM sodium gluconate, 25 mM NaCl, 8 mM MgCl2, 10 mM hepes, 4 mM NaATP, and 5 mM NaEGTA (pH 7.2).
The bath contained 135 mM NaCl, 2.4 mM KHPO, 0.8 mM DHPO, 3 mM MgCl, 1 mM CaCl, 10 mM Hepes, and 10 mM glucose (pH 7.2). To examine the time course of a cAMP-evoked conductance changes, membrane potentials were alternately clamped at -30 and +20 mV for 600 and 400 ms, respectively. Current-voltage relationships were determined by measuring the currents at the end of 400-ms voltage steps from 0 mV to +70 mV (10 mV increments).
Cell capacitance was compensated using cancellation cir cuitry of the EPC7 patch-clamp amplifier.
DNA Transfection
Stable mouse fibroblast cell lines containing full-length CFTR or mutant cDNA, as well as cell lines with the pSTK7 plasmid alone, were established. Four cell lines with pCOF-1 (4a-2C, 4a-3I, 4a-3K, and 4a-S) contained an intact human metallothionein IIa promoter and the CFTR coding region, as judged by DNA analysis (data not shown). Similarly, four cell lines (6a-1D, 6a-2F, 6b-I, and 6b-K) for pCONZ control cDNA with the frame-shift mutation three for pCOFAF508 (5-2C, 5-1A, and 5-2D) cDNA with the major CF mutation and two for pSTK7 (2a-4A and 2a-3C) were identified). 
Protein Analysis
Cells expressing CFTR mRNA (as represented by the cell line 4a-3I) contained an antibody-reacting protein band that 6,063,913 15 was indistinguishable from mature CFTR expressed endog enously in membranes of the colonic carcinoma cell line T84 (FIG. 13B, right panel) . The amount of protein was within the range of that observed for T-84 cells, with a significant portion in the light membrane fraction. Reacting bands were not detected in untransfected LTKT cells or in cell trans fected with CFTR gene predicted to produce a truncated product (line 6B-I). The latter result was expected as the antibody was directed against the C terminus of the protein.
No immunoreactive material was observed for CFTRAF508 in the examined fractions (line 5-2D) . It was therefore uncertain if the mutated protein was produced in these transfected cells.
SPO Fluorescence Assay
To investigate if expression of CFTR affected Cl conductance, a Single-cell assay based on quantitative fluo rescence intensity measurements of the Cl indicator dye SPO was performed. The basic protocol involved exposing cells to NOT medium followed by return to normal Cl medium. Since NO is generally permeable through Cl channels but, unlike Cl, does not quench SPQ changes in SPO fluorescence intensities due to these anion Substitutions measure unidirectional Cl fluxes; the rate of change mea Sures cell Cli permeability. 10 uM forskolin was added Subsequently to increase intracellular levels of cAMP. After a 2-min exposure to forskolin, the medium was again Switched to the NO medium, in the continued presence of forskolin. Thus each cell was used as its own control to evaluate the Cl permeability induced by cAMP.
Only slow changes in SPQ fluorescence intensity were observed in cells with the frame-shift CFTR construct (as represented) by line 6B-I) upon exposure to NO medium (FIG. 15A) , indicating that these cells maintained a low resting Cl permeability. Exposure of these transfected con trol cells to forskolin did not have any effect (n=41 cells from four passages). Similar results were obtained from cells transfected with the thymidine kinase gene only (line 2a-4A, n=22 cells) and from untransfected cells (n 18 cells).
Exposure of cells expressing CFTR to NOT medium similarly elicited little or no change in SPQ fluorescence intensity (as represented by line 4a-3I in FIG. 15C) , indi cating that CFTR expression per se did not enhance Cl permeability. In contrast, a Second exposure to NO, during forskolin Stimulation, caused a rapid loSS of intracellular Cl (FIG. 15C) . This response was highly reproducible; there was a 20-to 30-fold increase of unidirectional Cl flux (Illsley et al., 1987) from s0.03 mM/s to 0.9 mM/s for each of the 10 cells in the microscopic field (FIG. 15C) . Of 106 cells examined from eight passages, all responded similarly. Similar results were obtained from another cell line express ing CFTR (clone 4a-3K, n=23 cells). In the continued presence of forskolin (FIG. 15D) , CI permeability remained enhances at near maximal levels for as long as 30 min (n=12 cells).
There were no volume changes during exposure of forskolin-stimulated CFTR cells to NO, indicating that the Substantial changes in the intracellular concentration of Cl were not associated with changes in cell Salt content. Therefore, the Cl fluxes were likely to be associated with equal fluxes of NO in the opposite direction. The lack of changes in intracellular CI concentration or cell Volume during forskolin Stimulation in Cl medium demonstrates that neither CFTR expression nor cAMP conferred enhanced cation conductance. Together with the enhanced Cl permeability, cell shrinkage or Swelling would have been observed if there were a high K conductance or high Na' conductance, respectively.
Cl permeability was also examined in cells containing a CFTRAF508 construct. These cells (as represented by clone 5-2D, n=1.5 cells) exhibited low Cl permeability under resting conditions and the permeability could not be enhanced by forskolin (FIG. 15B) .
To establish that the cAMP-induced Cli permeability in the CFTR-expressing cells was due to activation of a Cl conductance, gramicidin was included in the normal Cl medium to increase cation conductance of the plasma mem brane. Under these conditions, the presence of Cl channel would result in a Substantial influx of both Na" and Cl, causing extensive cell Swelling. Exposure to gramicidin had no effect on SPO fluorescence or cell volume in cells with the frame-shift CFTR construct (n=13 cells) or an intact CFTR construct (n=33 cells) (FIG. 15E) , Supporting our conclusion (above) that resting Cl conductance was negli gible in both the control and CFTR cells. After the addition of forskolin, however, there was a marked rapid cell Swelling, after a lag period of from 30 to 90S, accompanied by elevated intracellular CI concentration in the cells expressing CFTR but not in control cells (FIG. 15E) . These results demonstrated that the basis of cAMP-induced Cl permeability observed in CFTR-expressing cells was a Cl channel.
cAMP-Stimulated CI Currents in the CFTR

Expressing Cells
Corroborating the results of the fluorescence assay, whole-cell current was stimulated in cells expressing CFTR (FIG. 16A) . After a lag period of s30s, outward current in 11 of 11 cells increased dramatically to a plateau, which was Sustained for 2-5 min before decreasing toward control values. This "run down" contrasts with findings using the SPO assay, possibly reflecting a depletion of cytosolic factors necessary for Sustained activation in the whole-cell patch-clamp configuration. currents evoked by the activation cocktail did not display any time-dependent Voltage effects (FIG. 16B) contrast to the expressing cells, none of the 9 cells containing the frame-shift CFTR construct exhibited a response to the activation cocktail (FIG. 16A) .
Current-Voltage relations were essentially linear in both cell transfected with the intact CFTR and the frame-shift CFTR constructs (now shown). Slope conductances of 1.8+0.4 nS and 1.9+0.5 nS (n=9) were calculated in control cells before and after treatment with the activation mixture, respectively. The slope conductance in CFTR-expressing cells was similar (1.6+0.1 nS) but treatment with the acti vation mixture induced an as 13-fold increase to 20.1+1.7 nS (n=10) (FIG. 16C) .
The reversal potential of the cAMP-activated current in cells expressing CFTR was -17+5 mV, approaching the equilibrium potential for Cl under Standard conditions (E=32 mV). From this measurement, the calculated anion Versus cation permeability was s5:1. Anion Selectivity was assessed in cAMP-activated cells by replacing bath NaCl (135 mM) with sodium gluconate (135 mM). This manipu lation resulted in a shift in reversal potential to +33+8 mV (n=4), toward the predicted E of +4.1 mV (FIG. 16C) .
The inability to construct a full-length CFTR cDNA has hampered progreSS in understanding the Structure and func tion of the protein. The difficulty is mainly due to the instability of the full-length sequence in E. coli, where there was Sequence rearrangement often associated with a short (13 bp) direct repeat in exon 6b. Through the modification 6,063,913 17 of DNA sequence within the first copy of the repeat, however, we have Succeeded in the construction of three different plasmids each containing the entire coding Sequence. These plasmids replicate efficiently in E. coli (DH5O), and are intact after prolonged propagation.
Although this particular modification involves the first repeat, it is understood that this Second repeat can also be similarly modified instead of, or in addition to, the first repeat to achieve Similar Success in the propagation of the CFTR cDNA.
In addition to verification by direct DNA sequencing, the plasmids have also been examined for their ability to prod uct proteins of expected sized in vitro and in Vivo. Based on the longest open reading frame of the consensus cDNA sequence , a protein of 170 kd (1480 amino acids) has been predicted as the CFTR gene product.
The fact that a 170 kdband was detectable in the product translated in vitro and in cells transfected with the full length CFTR cl)NA confirms the original prediction.
The availability of a full-length CFTR clDNA that can be expressed in mammalian and non-mammalian cells offers the opportunity to perform a detailed Structure and function analysis of CFTR. The vectors described here are excellent tools for this purpose. With appropriate regulatory Sequences inserted upstream of the coding region, it is understood that large quantities of CFTR may be produced through different kinds of heterologous gene expression Systems, whereby various biochemical and biophysical Stud ies can be performed.
The ability to express the full-length cDNA also allows development of functional assays for CFTR. In this context, Drummetal (1990) have demonstrated through a retrovirus intermediate that the modified full-length cDNA described here was able to confer the function of CFTR in a pancreatic carcinoma cell line (CPFAC-1) derived from a CF patient.
Upon proper expression of the cDNA, the cAMP-mediated chloride transport activity was restored in this cell line, providing the first example of functional complementation of CFTR activity. The ability to confer CFTR expression in heterologous cells is an important Step towards the possi bility of gene therapy in the lung and pancreas of CF patients.
In order to understand the role of individual amino acid residues as well as regions of the protein, Site-directed mutagenesis may be used to introduce additional mutations into the coding region of CFTR. The functional assay may also be used to confirm if the Sequence alterations detected in CF patients are bona fide disease-causing mutations. The latter consideration is important if broad Scale disease diag nosis and carrier Screening based on DNAinformation are to be implemented. Further, Since there is a general lack of genotypes, permanent cell lines in which the CF phenotype resists, the ability to generate heterologous cell lines capable of expressing various defective CFTR offers an alternative approach in understanding the function of CFTR and in development of rational therapy. In the latter regard, proce dures can be devised for Screening of compounds that would interact with the defective protein and restore its function.
To introduce additional mutations into the coding region of CFTR, it is possible to replace regions of the cDNA with altered Sequences, as demonstrated by the examples described above. The procedure is difficult, however, because many of the restriction enzyme sites involved are present in more than one vector. For this reason, it is desirable to include unique restriction sites in the coding region of the cDNA. For example, by introducing a Silent Site is created at the end of the Sequence corresponding to the first NBF1 is probably the most interesting region in CFTR because about one-third of the disease-causing mutations reside in the region. In combination with another unique site, Such as SphI, it becomes extremely easy to replace sequences for NBF1.
Finally, the full-length cDNA construct contained in the pBQ4.7 and p3W6.2 may be excised in its entirety by a Single Pst digestion or a double digestion with a combina tion of SalI, XhoI, SmaI or EcoRV. This versatility allows the cDNA to be transferred from the current vector to other host-vector Systems. 
